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,QWURGXFWLRQ
)UDFWXUH WRXJKQHVV LV DQ LPSRUWDQWPDWHULDO SURSHUW\ XVHG WR GHVFULEHPDWHULDO UHVLVWDQFH DJDLQVW IUDFWXUH LQ D












WHVW VWDQGDUG GHYHORSHG IRUPHDVXULQJ WKH HODVWLF SODQH VWUDLQ IUDFWXUH WRXJKQHVVKIc IRU EULWWOHPDWHULDOV$670
( LV D FRPELQHG IUDFWXUH WHVW VWDQGDUG GHYHORSHG IRU GHWHUPLQLQJ WKH HODVWLFSODVWLF SODQH VWUDLQ IUDFWXUH
WRXJKQHVVJIcRUG,FDQGJ-RFXUYHVRUG5FXUYHVIRUGXFWLOHPDWHULDOV5HFHQWO\$670SXEOLVKHGDQHZHUIUDFWXUH
















DFWXDO FUDFNV LQ ORZFRQVWUDLQW FRQGLWLRQV 7R VROYH WKLV WUDQVIHUDELOLW\ LVVXH =KX DQG KLV FRZRUNHUV >@
SURSRVHG D FRQVWUDLQW FRUUHFWLRQPHWKRG IRU GHYHORSLQJ D IDPLO\ RI FRQVWUDLQWGHSHQGHQW J-R FXUYHV EDVHG RQ D
VHULHV RI VHOHFWHG VWDQGDUG DQG QRQVWDQGDUG VSHFLPHQ WHVWV D IUDFWXUH FRQVWUDLQW WKHRU\ DQG WKH ILQLWH HOHPHQW
DQDO\VLV )($ RI WHVWHG VSHFLPHQV )RU D UHDO FUDFN RQH )($ FDOFXODWLRQ LV QHHGHG WR GHWHUPLQH WKH FUDFNWLS
FRQVWUDLQW OHYHO DQG WKHQ WKH IUDFWXUH UHVLVWDQFH FXUYH IRU WKLV UHDO FUDFN FDQ EH SUHGLFWHG IURP WKH SURSRVHG
FRQVWUDLQWFRUUHFWHG UHVLVWDQFH FXUYH7KLV FRQVWUDLQW FRUUHFWLRQPHWKRGKDV EHHQ VXFFHVVIXOO\ DSSOLHG WRSLSHOLQH
LQWHJULW\DVVHVVPHQWV>@
)RURLODQGJDVSLSHOLQHV1\KXVHWDO>@VKRZHGWKDWWKHFUDFNWLSFRQVWUDLQWOHYHOIRUDVLQJOHHGJHQRWFKHG





OHYHOV VLPLODU WR WKRVH IRU LGHQWLFDO FLUFXPIHUHQWLDO VXUIDFH FUDFNV LQ SLSH XQGHU FRPELQHG ORDGLQJ $V D UHVXOW
6(17 VSHFLPHQV LQ SLQORDGHG RU HQGFODPSHG FRQGLWLRQV FDQ EH XVHG WR GLUHFWO\PHDVXUH D IUDFWXUH UHVLVWDQFH
FXUYHIRUDQD[LDORUFLUFXPIHUHQWLDOFUDFNLQDOLQHSLSH
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'XHWR WKHQDWXUHRI ORZFRQVWUDLQWFRQGLWLRQV LQ6(17VSHFLPHQV WKHRLODQGJDV LQGXVWU\SUHIHUV WRGHYHORS
GLUHFW WHVW PHWKRGV WR PHDVXUH OHVV FRQVHUYDWLYH IUDFWXUH WRXJKQHVV XVLQJ ORZFRQVWUDLQW 6(17 VSHFLPHQV DQG
VHYHUDOGLUHFWWHVWPHWKRGVKDYHEHHQGHYHORSHGE\GLIIHUHQWFRPSDQLHV>@2IZKLFKWKUHHW\SLFDORQHVDUHWKH
PXOWLSOH VSHFLPHQPHWKRG GHYHORSHG E\'19 >@ WKH VLQJOH VSHFLPHQPHWKRGZLWK XVH RI D VLQJOH FOLS JDJH
GHYHORSHGE\&DQ0HW>@DQGDVLQJOHVSHFLPHQPHWKRGZLWKXVHRIDGRXEOHFOLSJDJHDUUDQJHPHQWGHYHORSHG
E\([[RQ0RELO>@7RGDWHKRZHYHUDGHWDLOHGUHYLHZRIWKHFRQVWUDLQWFRUUHFWLRQPHWKRGVDQGGLUHFW6(17
WHVW PHWKRGV LV QRW DYDLODEOH LQ SXEOLF OLWHUDWXUH 6XFK D UHYLHZ ZLOO IDFLOLWDWH WR GHYHORS EHWWHU ORZFRQVWUDLQW
IUDFWXUHWRXJKQHVVWHVWPHWKRGVDQGWREHQHILWWKHIUDFWXUHPHFKDQLFVFRPPXQLW\DQGHYHQWXDOO\WKHLQGXVWULHV
6RPRWLYDWHG WKLVSDSHUSUHVHQWVDFULWLFDO WHFKQLFDOUHYLHZRI WKHH[LVWLQJIUDFWXUH WRXJKQHVV WHVWPHWKRGVIRU
GXFWLOHFUDFNVLQ ORZFRQVWUDLQWFRQGLWLRQV7KLV LQFOXGHV$670%6,DQG,62VWDQGDUG WHVWPHWKRGVIRUKLJK
FRQVWUDLQW VSHFLPHQV  FRQVWUDLQW FRUUHFWLRQPHWKRGV IRUGHWHUPLQLQJ D IDPLO\ RI FRQVWUDLQWGHSHQGHQW IUDFWXUH




2.1. ASTM E1820 standard fracture test methods 
2.1.1. Basic test method for JIc testing 








  Q   









   
ZKHUHK LV D SODVWLF JHRPHWU\ IDFWRU b=W-a LV WKH VSHFLPHQ OLJDPHQWBN LV WKH QHW WKLFNQHVV RI VLGH JURRYHG
VSHFLPHQ DQGApl LV WKHSODVWLF DUHDXQGHU WKH ORDG//'FXUYHREWDLQHG LQ D IUDFWXUH WHVW1RWH WKDW WKHRULJLQDO
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ZKHUH WKH VXEVFULSW&02'GHQRWHV WKH&02'EDVHGYDOXHV(TXDWLRQ ZDV DGRSWHGE\$670( DV DQ
DOWHUQDWLYHEDVLFSURFHGXUH WRGHWHUPLQHJIc1RWH WKDW WKHEDVLF WHVWSURFHGXUHZDVRULJLQDOO\GHYHORSHGRQO\ IRU
PXOWLSOH VSHFLPHQ WHVWV EXW QRZ LV DSSOLFDEOH WR WKH VLQJOH VSHFLPHQPHWKRGZLWK DQ DSSURSULDWH FUDFN JURZWK
FRUUHFWLRQ
2.1.2. Resistance curve test method for J-R curve testing 
//'EDVHGPHWKRG:KLOHWKHEDVLFWHVWPHWKRGGHWHUPLQHVIUDFWXUHLQLWLDWLRQWRXJKQHVVLQDSRLQWYDOXH
WKH UHVLVWDQFH FXUYH WHVW PHWKRG GHWHUPLQHV IUDFWXUH WRXJKQHVV LQ D IRUPDW RI UHVLVWDQFH FXUYH IURP D VLQJOH
VSHFLPHQWHVW7KHJLQWHJUDOHVWLPDWLRQ(TRULVYDOLGRQO\IRUDVWDWLRQDU\FUDFNWRGHWHUPLQHWKHFULWLFDOJIc
DWGXFWLOHWHDULQJLQLWLDWLRQ)RUDJURZLQJFUDFNWKHJHVWLPDWLRQHTXDWLRQQHHGVWRFRUUHFWWKHFUDFNJURZWKHIIHFW
EHFDXVH WKHJLQWHJUDOZDVGHILQHG LQ WHUPVRIGHIRUPDWLRQ WKHRU\RISODVWLFLW\>@7RWKLVHQG(UQVWHWDO >@
































JJ JK  
ZKHUHKDQGJDUH WZRSODVWLFJHRPHWU\IDFWRUVDQG iiplA
 GHQRWHV WKH LQFUHPHQWDOSODVWLFDUHDXQGHU WKHPHDVXUHG
ORDG//'FXUYHDQGFDOFXODWHGE\





pl PPA   
ZKHUH'plLVWKHSODVWLFFRPSRQHQWRI//'7KHXQORDGLQJFRPSOLDQFHWHFKQLTXHLVUHFRPPHQGHGE\$670(
IRUGHWHUPLQLQJWKHLQVWDQWDQHRXVFUDFNOHQJWKWKURXJKPHDVXULQJ&02'EDVHGHODVWLFXQORDGLQJFRPSOLDQFHLQD
VLQJOH VSHFLPHQ WHVW$VVXFK WKH ORDG//'DQG&02'UHFRUGVDUH UHTXLUHG LQ WKHJ FDOFXODWLRQ DQG LQDJ-R
FXUYHHYDOXDWLRQIURPDVLQJOHVSHFLPHQWHVW5HFHQWO\=KX>@GHYHORSHGDPRUHDFFXUDWHLQFUHPHQWDOJLQWHJUDO
HTXDWLRQWKDQ(TIRUDJ-RFXUYHHYDOXDWLRQ
 &02'EDVHG PHWKRG 7KH DERYHQRWHG //'EDVHG UHVLVWDQFH FXUYH WHVW PHWKRG KDV EHHQ DGRSWHG E\
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J-integral conversion method for CTOD testing
$670 ( >@ ZDV GHYHORSHG IRU &72' WHVWLQJ WR GHWHUPLQH WKH FULWLFDO G,F WR TXDQWLI\ GXFWLOH FUDFN
LQLWLDWLRQRUFOHDYDJHLQVWDELOLW\7KHHDUOLHVWYHUVLRQRI(XWLOL]HGWKHSODVWLFKLQJHPRGHODVXVHGE\%6
>@WRFDOFXODWHWKHG,F%HFDXVHWKHURWDWLRQUDGLXVGHSHQGVRQWKHFUDFNVL]HDQGVWUDLQKDUGHQLQJ(LQ











2.1.4. Fracture toughness test method for shallow cracks 
7KH$670(WHVWPHWKRGVDQGHTXDWLRQVRYHUYLHZHGDERYHZHUHVXLWDEOHIRUVWDQGDUG6(1%&7DQGGLVN
VKDSHG&7VSHFLPHQVZLWKGHHSFUDFNVRIda0/WdDQGODUJHUVSHFLPHQZLGWKRIdW/Bd 6LQFH
$670( LQ LWV DSSHQGL[;KDVSURYLGHGJXLGHOLQHV IRUPHDVXULQJ WKH IUDFWXUH WRXJKQHVVRIPDWHULDOVZLWK
VKDOORZFUDFNVRIda0/Wd7KLVLVDQRQPDQGDWRU\DSSHQGL[DQGVHUYHVDVDQRSWLRQIRUXVHUV7KHQRQ
VWDQGDUGVSHFLPHQDGRSWHGLV6(1%ZLWKDVKDOORZFUDFNLQWKUHHSRLQWEHQGLQJFRQGLWLRQV2QO\WKH&02'EDVHG
JLQWHJUDO HTXDWLRQ LV XVHG DQG WKH FUDFNJURZWK FRUUHFWLRQ LVQRW FRQVLGHUHG IRU DJ-R FXUYH WHVWLQJ 7KLVPD\
FDXVHFRQIXVLRQVDQGGLVSXWHVEHFDXVHLWLVLQFRQVLVWHQWZLWK(TIRUWKHGHHSFUDFNV
2.2. BS 7448 standard fracture test methods 













VKRZQ WKDW WKH UHVLVWDQFH FXUYH WHVW SURFHGXUHV LQ %6  DQG$670( GHWHUPLQH QHDUO\ LGHQWLFDO J-R
FXUYHVIRUWKHVDPHWHVW






























2.3. ISO 12135 standard fracture test methods 
2.3.1. J-integral test methods 
%DVLFDOO\WKHVWDQGDUGIUDFWXUHWHVWPHWKRGVLQ,62>@DUHWKHH[WHQVLRQRI%6IRUJIcWHVWLQJDQG
%6IRUJ-RFXUYHWHVWLQJ7KHJLQWHJUDOFDOFXODWLRQXVHV//'GDWDUDWKHUWKDQ&02'GDWD
2.3.2. CTOD test methods 
)RUG,FWHVWLQJ,62>@XVHVWKHSODVWLFKLQJHPRGHOLQ%6ZLWKXVHRI(TWRFDOFXODWHWKHG,F




UHTXLUHPHQWV GHILQLWLRQ RI LQLWLDWLRQ WRXJKQHVV DQG YDOLG WHVW GDWD UDQJHV DUH QRW GLVFXVVHG KHUH GXH WR VSDFH
OLPLWDWLRQEXWFDQEHIRXQGIURPWKHWHVWVWDQGDUGV
&RQVWUDLQWFRUUHFWLRQPHWKRGVIRUIRUPXODWLQJFRQVWUDLQWGHSHQGHQW-5FXUYHV
3.1. Experimental observations - constraint effect on J-R curves 
)RU D YDULHW\ RI GXFWLOH PHWDOV LQFOXGLQJ QXFOHDU SUHVVXUH YHVVHO VWHHOV VWUXFWXUDO VWHHOV DQG SLSHOLQH VWHHOV
H[WHQVLYH H[SHULPHQWV > @ KDYH VKRZQ WKDW WKH FUDFNWLS FRQVWUDLQW OHYHOVKDYH D VLJQLILFDQW HIIHFW RQ
GXFWLOHIUDFWXUHUHVLVWDQFHLQWHUPVRIJ-RFXUYHVRUG5FXUYHVGXHWRFUDFNVL]HVSHFLPHQJHRPHWU\DQGORDGLQJ
W\SH,QJHQHUDODKLJKFRQVWUDLQWIUDFWXUHVSHFLPHQLHGHHSFUDFNLQEHQGLQJGRPLQDQWFRQGLWLRQVJLYHVDORZHU
RFXUYHZKHUHDV D ORZFRQVWUDLQW IUDFWXUH VSHFLPHQ LH VKDOORZ FUDFN LQ WHQVLOH GRPLQDQW ORDGLQJ FRQGLWLRQV
SURGXFHVDKLJKHURFXUYHIRUGXFWLOHFUDFNV
-R\FHDQG/LQN>@VKRZHGWKDW6(1%VSHFLPHQVVXEMHFWHGWRWKUHHSRLQWEHQGLQJFDQEHWHVWHGRYHUDZLGH
UDQJHRIa/W UDWLRV IURPVKDOORZ WRGHHSFUDFNV DQG WKHPHDVXUHGJ-R FXUYHVGHPRQVWUDWHGDZLGH VSHFWUXPRI
HIIHFWLYH WRXJKQHVV6LQFH WKLVVSHFLPHQLVD UHODWLYHO\HDV\JHRPHWU\ WR WHVW WKH6(1%VSHFLPHQVZLWKGLIIHUHQW
a/W UDWLRVKDYHEHHQRIWHQ XVHG WR LQYHVWLJDWH WKH FRQVWUDLQW HIIHFW RQJ-R FXUYHV IRUGXFWLOHPDWHULDOV )LJXUH 











3.1.1. Constraint correction method – concept and procedure 
,QRUGHUWRTXDQWLI\WKHFRQVWUDLQWHIIHFWRQJ-RFXUYHVDQGWRWUDQVIHUWKHVWDQGDUGJ-RFXUYHVWRDORZFRQVWUDLQW
FUDFNWKHSUHVHQWDXWKRUDQGKLVFRZRUNHUV>@GHYHORSHGDJHQHUDOFRQVWUDLQWFRUUHFWLRQPHWKRG7KLVPHWKRG















§ ' '   
ZKHUH'a LV FUDFN H[WHQVLRQ q LV D JHQHUDO GXPP\ FRQVWUDLQW SDUDPHWHUC1 DQGC2 DUH WZR FRHIILFLHQWV WR EH
IXQFWLRQV RI WKH q ,Q WKH IUDFWXUH FRQVWUDLQW WKHRULHV WKUHH W\SLFDO DV\PSWRWLF VROXWLRQV DUH DGHTXDWH WR XVH IRU
TXDQWLI\LQJWKHFUDFNWLSFRQVWUDLQWOHYHODQGWKHVWUHVVDQGVWUDLQILHOGIRUDGXFWLOHFUDFN7KH\DUHWKHJ-TWKHRU\
>@J-Q WKHRU\>@DQGJ-A2 WKHRU\>@7KHUHIRUHWKHGXPP\FRQVWUDLQWSDUDPHWHUq LQ(TFDQEHTQ
DQGA2)RUPRVWGXFWLOHVWHHOVWKHODUJHVFDOH\LHOGLQJRFFXUVDVDFUDFNJURZVDQGVRQDQGA2DUHWKHDSSURSULDWH
FRQVWUDLQWSDUDPHWHUWRXVH





FDOLEUDWH WKH WZR FRHIILFLHQWV C1(q) DQG C2(q) EDVHG RQ WKH H[SHULPHQWDO J-R FXUYHV DQG WKH )($ FDOFXODWHG
FRQVWUDLQW SDUDPHWHU YDOXHV XVLQJ D UHJUHVVLRQ DSSURDFK 2QFH WKH FDOLEUDWLRQ SURFHGXUH LV FRPSOHWHG HDFK
H[SHULPHQWDO J-R FXUYH LV XQLTXHO\ FRUUHODWHG WR D VSHFLILF YDOXH RI WKH FRQVWUDLQW SDUDPHWHU DQG D IDPLO\ RI
FRQVWUDLQWGHSHQGHQW J-R FXUYHV LV HYHQWXDOO\ IRUPXODWHG IRU WKH WHVWHG PDWHULDO 3URYLGHG WKDW WKH FRQVWUDLQW
SDUDPHWHULVREWDLQHGIRUDUHDOFUDFNRILQWHUHVWLWVJ-RFXUYHFDQFRQYHQLHQWO\EHSUHGLFWHGIURP(T
,Q WHUPV RI WKH PRGLILHG FRQVWUDLQW SDUDPHWHUQ =KX DQG -DQJ >@ DQG =KX DQG /HLV > @ GHWHUPLQHG
FRQVWUDLQWFRUUHFWHGJ-R FXUYHV IRUGLIIHUHQWGXFWLOHPHWDOV ,Q UHIHUHQFH WR WKHFRQVWUDLQWSDUDPHWHUA2&KDRDQG

















aQQaJ   
ZKHUH a' LVLQPPDQGWKHJLQWHJUDOKDVXQLWVRIN-P7KLVHTXDWLRQGHPRQVWUDWHVWKDWWKHH[SHULPHQWDOUHVXOWVRI









3.2.  Constraint correction method - recent progresses 
6LQFHWKHFRQVWUDLQWFRUUHFWLRQPHWKRGZDVGHYHORSHGPDQ\LQYHVWLJDWLRQVDQGDSSOLFDWLRQVKDYHEHHQPDGHRQ
WKLV WRSLF )RU H[DPSOH:DQJ HW DO >@ LQ  DSSOLHG WKH FRQVWUDLQW FRUUHFWLRQ PHWKRG ZLWK WKH FRQVWUDLQW
SDUDPHWHUAWR*$VWUXFWXUDOVWHHODQGGHYHORSHGDFRQVWUDLQWFRUUHFWHGJ-RFXUYHIRUWKLVVWHHO<LQHWDO>@
LQ  DSSOLHG WKH FRQVWUDLQW FRUUHFWLRQPHWKRG WR D ODUJH (XURSHDQ SURMHFW RI VWUXFWXUDO LQWHJULW\ IRU OLIHWLPH
PDQDJHPHQW DQG WUDQVIHUUHGFRQVWUDLQWGHSHQGHQWJ-R FXUYHVPHDVXUHG IURPVWDQGDUGVSHFLPHQV WRD ODUJHVFDOH
PRFNXSH[SHULPHQWFRQILJXUDWLRQ=KRXHWDO>@LQDQGH[WHQGHGWKHFRQVWUDLQWFRUUHFWLRQPHWKRG




SDUDPHWHUV LQFOXGLQJQ DQG LWVYDULDWLRQVA2TZ DQG WKH VWUHVV WULD[LDOLW\ UDWLRh ,Q WKHLU DQDO\VLV DOO FRQVWUDLQW
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WKRVHDXWKRUVZHUHDEOH WR LGHQWLI\ WKHPRVWHIIHFWLYHFRQVWUDLQWSDUDPHWHU WREHXVHG LQGHWHUPLQDWLRQRIDPRUH
DFFXUDWHFRQVWUDLQWFRUUHFWHGJ-RFXUYHXVLQJWKHFRQVWUDLQWFRUUHFWLRQPHWKRG
,Q DGGLWLRQ:DQJ HW DO >@ LQ  DQG &KHQ HW DO >@ LQ  DOVR LQYHVWLJDWHG WKH FRQVWUDLQW
FRUUHFWLRQPHWKRGXVLQJDPRGLILHGTVWUHVVDVWKHFRQVWUDLQWSDUDPHWHUZKHUHWKHJ-RFXUYHVIRUFDOLEUDWLRQZHUH
HLWKHUPHDVXUHGH[SHULPHQWDOO\RUREWDLQHGQXPHULFDOO\XVLQJDPLFURPHFKDQLFVGDPDJH LH*XUVRQ7YHUJDUG
1HHGOHPDQ*71PRGHO%HFDXVH WKHGDPDJHPRGHOZDV LQWURGXFHG WKHGXFWLOHFUDFNJURZWKFDQEHVLPXODWHG
DQGWKHDVVRFLDWHGJ-RFXUYHFDQEHGHWHUPLQHGIRUDVSHFLILFIUDFWXUHVSHFLPHQLQFOXGLQJ6(1%&76(17DQG
FHQWUDOFUDFNHGSODWH&&3,QWKLVZD\WKRVHDXWKRUVVXFFHVVIXOO\GHWHUPLQHGWKHIDPLO\RIFRQVWUDLQWGHSHQGHQW
J-R FXUYHV IURPDVHWRI6(1% WHVWV IRUDQXFOHDUSUHVVXUHYHVVHO VWHHO$DQG LWVGLVVLPLODUZHOGV7KH\DOVR
YDOLGDWHG WKHLU UHVXOWVXVLQJ WKH&76(17DQG&&3VSHFLPHQVDQGDSSOLHG WKHLU UHVXOWV WRGHWHUPLQHFRQVWUDLQW
GHSHQGHQW/%%FXUYHVIRUSLSHVZLWKFLUFXPIHUHQWLDOWKURXJKZDOOFUDFNV
,Q D VXPPDU\ WKH FRQVWUDLQW FRUUHFWLRQ PHWKRG LV DQ LQWHJUDWHG WHFKQLTXH DQG WKXV FDQ EH XVHG UHOLDEO\ WR
GHYHORSDIDPLO\RIFRQVWUDLQWGHSHQGHQWJ-RFXUYHVDQGWRSUHGLFWDJ-RFXUYHIRUDVSHFLILFFUDFNSURYLGHGWKDWWKH
FRQVWUDLQW SDUDPHWHU LV QXPHULFDOO\REWDLQHG DSULRUL IRU WKDW FUDFN$VD UHVXOW WKH FRQVWUDLQW FRUUHFWLRQPHWKRG
SURYLGHV DQ HIIHFWLYH FRPSOLPHQWPHDQV WR WKH H[SHULPHQWDOPHDVXUHPHQWVRI$670( DQG FDQ VHUYH DV D





DQ LQGLUHFW VHPLWHVW PHWKRG DQG LQYROYHG LQ D PXOWLSOHVWHS SURFHGXUH LQ GHWHUPLQDWLRQ RI D ORZFRQVWUDLQW
UHVLVWDQFH FXUYH IRU D VKDOORZ FUDFN 7KXV GLIIHUHQW GLUHFW PHWKRGV ZHUH GHYHORSHG WR PHDVXUH ORZFRQVWUDLQW
IUDFWXUHWRXJKQHVVXVLQJ6(17VSHFLPHQVDVGLVFXVVHGQH[W
4.1.  Early SENT test methods for J-R curve evaluation 
+LVWRULFDO6(17WHVWLQJ 7KH6(17VSHFLPHQLVQRWDQ$670VWDQGDUGVSHFLPHQVRIDUEXWKDVDORQJ




UHOHDVH UDWHG XVLQJ WKH SLQORDGHG 6(17 VSHFLPHQV ,Q  6UDZOH\ DQG%URZQ >@ REWDLQHG D FORVHGIRUP
H[SUHVVLRQRIKIRUWKH6(17VSHFLPHQV,Q7DGDHWDO>@REWDLQHGPRUHDFFXUDWHIXQFWLRQVRIKDQGHODVWLF
FRPSOLDQFHIRUWKHSLQORDGHG6(17VSHFLPHQV+RZHYHUWKHSULPDU\LQWHUHVWZDVWRPHDVXUHORZHUERXQGSODQH
VWUDLQ WRXJKQHVV WR HQVXUH FRQVHUYDWLYH UHVXOWV WKH KLJKFRQVWUDLQW EHQGLQJ GRPLQDQW &7 DQG 6(1% VSHFLPHQV




FRQVWUDLQW HIIHFW RQJ-R FXUYHV -R\FH HW DO >@ LQ  H[WHQGHG WKH UHVLVWDQFH FXUYH WHVW SURFHGXUH LQ$670
( WR 6(17 VSHFLPHQV DQG PHDVXUHG WKH J-R FXUYH XVLQJ SLQORDGHG 6(17 VSHFLPHQV 7KHLU H[SHULPHQWV












4.2. DNV multiple specimen method for J-integral testing 
)RU RIIVKRUH SLSHOLQHV LQVWDOOHG E\ WKH UHHOLQJ DSSURDFK ODUJH SODVWLF VWUDLQV DUH LQWURGXFHG DQG JLUWK ZHOGV
IUDFWXUHPD\RFFXU7RDVVHVVDVKDOORZFUDFN'19IDYRUHGWRGHYHORSDGLUHFWPHWKRGWRPHDVXUHORZFRQVWUDLQW
IUDFWXUH WRXJKQHVV XVLQJ FODPSHG 6(17 VSHFLPHQV DV VKRZQ LQ )LJ E  ,Q '19 SXEOLVKHG WKHLU RZQ
6(17 WHVWPHWKRG'19UHFRPPHQGHGSUDFWLFH'1953) >@7KLVSUDFWLFHDGRSWV WKHPXOWLSOH VSHFLPHQ
PHWKRG IRU GHYHORSLQJ D J-R FXUYH ZLWK 6(17 VSHFLPHQV LQ D SLQORDGHG RU FODPSHG FRQGLWLRQ 7KH VSHFLPHQ
WKLFNQHVVB=2W WKHGLVWDQFHEHWZHHQ WKH WZRJULSV LVH=10WDQG WKHSUHFUDFNHG OHQJWK LV LQ WKHUDQJHRI
a/W6LGHJURRYHVDUHQRWUHTXLUHG7KHPD[LPXPFUDFNH[WHQVLRQLVVHWDVPP
7R GHYHORS D J-R FXUYH '19 UHTXLUHV D PLQLPXP RI VL[ 6(17 VSHFLPHQV  YDOLG UHVXOWV EH WHVWHG LQ D
SURFHGXUHVLPLODUWRWKHEDVLFPHWKRGRI$670(7KHWRWDOJLQWHJUDOZDVVHSDUDWHGLQWRWKHHODVWLFDQGSODVWLF
SDUWVDVVKRZQLQ(TDQGFDOFXODWHGVHSDUDWHO\7KHHODVWLFJZDVFDOFXODWHGIURPWKHVWUHVVLQWHQVLW\IDFWRUK




4.3. CanMet single specimen method for J-integral testing 
4.3.1. CanMet method for J-R curve testing  
$Q HIIHFWLYH GLUHFW WHVWPHWKRG LH VLQJOH VSHFLPHQPHWKRGZDV GHYHORSHG E\&DQ0HW >@ IRU FODPSHG
6(17VSHFLPHQV7KHVSHFLPHQZLGWKW BWKHFODPSLQJGLVWDQFHH WDQGWKHSUHIDWLJXHGFUDFNVL]HLVLQWKH
UDQJH RI da/Wd DQG D WRWDO VLGH JURRYH RI  RI WKLFNQHVV LV UHFRPPHQGHG 7KH &DQ0HW SURFHGXUH LV
VLPLODU WR WKH UHVLVWDQFH FXUYHPHWKRG LQ$670( LQ GHWHUPLQDWLRQRI DJ-R FXUYH RU&72'5 FXUYH7KH
XQORDGLQJFRPSOLDQFHWHFKQLTXHLVUHFRPPHQGHGIRUPHDVXULQJFUDFNOHQJWK$VLQJOHFOLSJDJHLVPRXQWHGRQWKH
FUDFNPRXWKRIWKHVSHFLPHQVRDVWRPHDVXUHWKH&02'LQD6(17WHVW$SSDUDWXVUHTXLUHGIRUPHDVXULQJORDG
DQG&02' DUH VLPLODU WR WKRVH IRU 6(1% VSHFLPHQV GHVFULEHG LQ ( 'XH WR VLJQLILFDQW URWDWLRQ RFFXUUHG
GXULQJWKH6(17WHVWDURWDWLRQFRUUHFWLRQIDFWRUZDVSURSRVHGIURP)($VLPXODWLRQV>@
$V D UHVXOW PRVW WHVW GHWDLOV DUH VLPLODU WR WKRVH IRU VWDQGDUG 6(1% VSHFLPHQV DV VSHFLILHG LQ ( 7KH
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SLSHOLQH VWHHOV D URXQGURELQSURJUDPZDVFRPSOHWHG DQG WKH UHVXOWVZHUH UHSRUWHGE\7\VRQDQG*LDQHWWR >@
1LQH/DEVSDUWLFLSDWHGLQWKLVURXQGURELQSURJUDP$OOJ-RFXUYHVPHDVXUHGE\WKHVH/DEVXVLQJFODPSHG6(17
VSHFLPHQV DUH VKRZQ LQ )LJ  ZKHUH WKH PDWHULDO LV ; SLSHOLQH VWHHO DQG WKH FUDFN VL]H LV a/W   7KH
VWDQGDUGGHYLDWLRQEHWZHHQWKHJ-RFXUYHVLVaDQGWKLVGLIIHUHQFHLVQRWVPDOO7KXVWKHDFFXUDF\RI&DQ0HW
H[SUHVVLRQVQHHGVWRUHVWXG\>@
4.3.2. CanMet method for G-R curve testing  
&DQ0HWDGRSWVWKH$670(JLQWHJUDOFRQYHUVLRQPHWKRGDQG(TIRUWKHLU6(17&72'WHVWLQJ6KHQ











UHTXLUHG LQDJ-RHYDOXDWLRQIRUD6(17WHVW LQSLQORDGHGDQGFODPSHGFRQGLWLRQV7KHLU UHVXOWVVKRZHG WKDW WKH
&02'EDVHGLQFUHPHQWDOJLQWHJUDO(TGHWHUPLQHVPRUHDFFXUDWHJ-RFXUYHVIRU6(17VSHFLPHQV
4.5. ExxonMobil single-specimen method for CTOD testing 
4.5.1. ExxonMobil CTOD test method 
,QFRQWUDVWWRWKH&DQ0HW&72'WHVWPHWKRG([[RQ0RELO&RPSDQ\>@GHYHORSHGDQRWKHUVLQJOHVSHFLPHQ
PHWKRG IRU 6(17 G5 FXUYH WHVWLQJ ZLWK XVH RI D GRXEOH FOLS JDJH DUUDQJHPHQW %DVHG RQ WKH ULJLG URWDWLRQ
DVVXPSWLRQERWK&02'DQG&72'DUHGLUHFWO\LQIHUUHGIURPWKHGRXEOHFOLSJDJHPHDVXUHGGLVSODFHPHQWVE\
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ܥܯܱܦ ൌ ଵܸ െ
௛భ
௛మି௛భ
ሺ ଶܸ െ ଵܸሻ  
ܥܱܶܦ ൌ ଵܸ െ
௛భା௔బ
௛మି௛భ





VLPSOH DQG FRQYHQLHQW WR XVH IRUPHDVXULQJ DG5 FXUYHZLWK6(17 VSHFLPHQV DQG WKXV LW LV RI JUHDW SUDFWLFDO
LPSRUWDQFH+RZHYHUWKHDOORZHGFUDFNVL]HLVWRRVPDOOWKH&72'GHILQLWLRQLVGLIIHUHQWIURP$670(>@
4.5.2. Comparison of two G-R curve test methods 
7KH WZRG5FXUYH WHVWPHWKRGVGLVFXVVHGDERYHDUHFRPSOHWHO\GLIIHUHQW:KLOH WKH&DQ0HWPHWKRGXVHV WKH
VLQJOH FOLS JDJHPHDVXUHPHQW DQG WKH JFRQYHUVLRQPHWKRG WR FDOFXODWH &72' DW WKH FXUUHQW FUDFN WLS DQG WKH
([[RQ0RELOPHWKRGXVHVWKHGRXEOHFOLSJDJHPHDVXUHPHQWDQGWKHURWDWLRQPRGHOWRLQIHU&72'DWWKHRULJLQDO




WKH G5 FXUYHV REWDLQHG XVLQJ WKH GRXEOH FOLS JDJHPHWKRG DUH KLJKHU WKDQ WKRVH REWDLQHG E\ WKH JFRQYHUVLRQ
PHWKRGIRUODUJHUFUDFNJURZWKDOWKRXJKVLPLODUUHVXOWVKDYHEHHQREVHUYHGLQWKHLQLWLDODUHDRIFUDFNH[WHQVLRQ
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4.6. Other CTOD test methods  
,QDGGLWLRQ'HQ\VDQGKLVFRZRUNHUV>@GHYHORSHGWKHLURZQSURFHGXUHWRGHWHUPLQHG5FXUYHVIRU6(17
VSHFLPHQV 7KH\ GHILQHG WKH &72' EDVHG RQ WKH R LQWHUFHSWPHWKRG VWDUWLQJ IURP WKH RULJLQDO FUDFN WLS DQG
GHULYHGDQHTXDWLRQVLPLODUWR(TIRUWKHGRXEOHFOLSJDJHPHWKRG7KLV&72'GHILQLWLRQLVGLIIHUHQWIURPWKDW
GHILQHGE\WKH&DQ0HWRU([[RQ0RELOPHWKRG2WKHUWHVWGHWDLOVDUHVLPLODUWRWKH([[RQ0RELOWHVWSURFHGXUHDQG
WKHGRXEOHFOLSJDJHDUUDQJHPHQW LVHPSOR\HG WRGHWHUPLQH WKH WRWDO&72'IRU6(17VSHFLPHQV LQ WKHFODPSHG
FRQGLWLRQV
5HFHQWSURJUHVVHVLQIUDFWXUHWRXJKQHVVWHVWPHWKRGVXVLQJ6(17VSHFLPHQV
5.1. British standard SENT test method – BS 8571:2014 

















൅ ቂ ௣ܸ௟ଵ െ
௭భା௔బ
௭మି௭భ
൫ ௣ܸ௟ଶ െ ௣ܸ௟ଵ൯ቃ 
ZKHUHWKHILUVWWHUPGHWHUPLQHVWKHHODVWLF&72'DQGWKHVHFRQGWHUPGHWHUPLQHVWKHSODVWLF&72'ZLWKVpl1DQG
Vpl2EHLQJSODVWLFSDUWVRIWKHGRXEOHFOLSJDJHPHDVXUHGGLVSODFHPHQWVDWWKHKHLJKWVz1DQGz21RWHWKDW(TLV
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GLIIHUHQWIURP(T 7KHGLIIHUHQFH LV WKDW([[RQ0RELOXVHV WKH WRWDO&72'ZLWKRXWVHSDUDWLRQRIHODVWLFDQG
SODVWLFFRPSRQHQWV































































































7KLVQHZK VROXWLRQ LVYHU\DFFXUDWH IRUFODPSHG6(17VSHFLPHQVRYHUDZLGH UDQJHRIa/WDQG LWV
HUURULVOHVVWKDQRIWKHFRUUHFWHGDQDO\WLFDOKVROXWLRQ'XHWRLWVVLPSOLFLW\DQGDFFXUDF\WKLVKVROXWLRQLVD
JRRGDOWHUQDWLYHIRU%6RURWKHU6(17WHVWVWDQGDUGWRXVH




LWV DSSOLFDWLRQ WR GHWHUPLQH WKH SODVWLF JHRPHWU\ IDFWRUK IRU FODPSHG 6(17 VSHFLPHQV +XDQJ DQG =KRX >@
GHWHUPLQHGWKHKIDFWRUIRUFODPSHG6(17VSHFLPHQVXVLQJWKUHHGLPHQVLRQDO)($FDOFXODWLRQV:DQJDQG2PL\D
>@DQG+XDQJDQG=KRX>@XSGDWHGWKH&02'FRPSOLDQFHHTXDWLRQVWKDWDUHXVHGIRUGHWHUPLQLQJFUDFNOHQJWK
LQ DQXQORDGLQJ FRPSOLDQFH WHVW IRU FODPSHG6(17VSHFLPHQV1HYHUWKHOHVV WKHVHXSGDWHG UHVXOWV DUH VXEMHFW WR
H[SHULPHQWDOYDOLGDWLRQ2QFHWKH\JHWYDOLGDWHGEURDGO\ WKHVWDQGDUG6(17WHVWPHWKRGVLQ%6DUHDEOH WR
PHDVXUHPRUHDFFXUDWHRFXUYHV
5.4. Strain based direct measurement method 








VPDOO FUDFN H[WHQVLRQ RI a PP DQG WKHQ GHYLDWH WR EH ORZHU FXUYHV ,Q VSLWH RI WKLV WKH VWUDLQEDVHG GLUHFW










7KH SUHVHQW SDSHU GHOLYHUHG D WHFKQLFDO UHYLHZ RI IUDFWXUH WRXJKQHVV WHVW PHWKRGV IRU GXFWLOHPHWDOV LQ ORZ
FRQVWUDLQW FRQGLWLRQV 7KH UHYLHZHG IUDFWXUH WHVW PHWKRGV LQFOXGH WKH VWDQGDUG IUDFWXUH WRXJKQHVV WHVW PHWKRGV












7KH GLUHFW WHVW PHWKRGV XVLQJ 6(17 VSHFLPHQV KDYH REWDLQHG WKH H[WHQVLYH DWWHQWLRQV DQG LQYHVWLJDWLRQV
ZRUOGZLGH'LIIHUHQWGLUHFWWHVWPHWKRGVZHUHGHYHORSHGLQFOXGLQJWKHPXOWLSOHVSHFLPHQPHWKRGE\'19VLQJOH
VSHFLPHQPHWKRGZLWKDVLQJOHFOLSJDJHPHDVXUHPHQWE\&DQ0HWDQGVLQJOHVSHFLPHQPHWKRGZLWKDGRXEOHFOLS













>@ ;&KHQ67X=)DQ7<DQJ:*XDQ - -LDQJ=*DR$GYDQFHV LQ UHVHDUFKRIHOHYDWHGDQGKLJK WHPSHUDWXUH VWUXFWXUDO
LQWHJULW\RISURFHVVSUHVVXUHEHDULQJHTXLSPHQWLQ&KLQHVHSHWURFKHPLFDOLQGXVWU\3URF$60(393&RQI&KLFDJR86$-XO




















>@ 2/7RZHUV 6-*DUZRRG ,QIOXHQFH RI FUDFN GHSWK RQ UHVLVWDQFH FXUYHV IRU WKUHHSRLQW EHQG VSHFLPHQV LQ+< )UDFWXUH
0HFKDQLFV6HYHQWK9ROXPH$670673SS







>@ ;.=KX%1/HLV$SSOLFDWLRQ RI FRQVWUDLQWFRUUHFWHGJ-R FXUYH WR IUDFWXUH DQDO\VLV RI SLSHOLQHV - 3UHVV9HVV 7HFK 

>@ ;.=KX%1/HLV&RQVWUDLQWFRUUHFWHGJ-RFXUYHDQGLWVDSSOLFDWLRQVIRU;SLSHOLQHVWHHO-$670,QW-$,













>@ ([[RQ0RELO 8SVWUHDP 5HVHDUFK &RPSDQ\ 0HDVXUHPHQW RI &UDFN7LS 2SHQLQJ 'LVSODFHPHQW &72' )UDFWXUH 5HVLVWDQFH
&XUYHV8VLQJ6LQJOH(GJH1RWFKHG7HQVLRQ6(176SHFLPHQ6HSW










>@ ;.=KX%1/HLV DQG -$ -R\FH([SHULPHQWDO HVWLPDWLRQRI -5FXUYH IURP ORDG&02' UHFRUGV IRU6(% VSHFLPHQV -
$670,QW-$,






>@ *6KHQ:57\VRQ$*ORYHU'+RUVOH\&RQVWUDLQW HIIHFWV RQ OLQHSLSH WRXJKQHVV3URF WK ,QW&RQI3LS7HFK9RO 
2VWHQG%HOJLXP0D\SS
801 X.-K. Zhu /  Procedia Engineering  130 ( 2015 )  784 – 802 





























































802   X.-K. Zhu /  Procedia Engineering  130 ( 2015 )  784 – 802 








>@ (:DQJ02PL\D )LQLWH HOHPHQW DQDO\VLV RI FUDFNPRXWK RSHQLQJ GLVSODFHPHQW FRPSOLDQFH LQ FUDFN OHQJWK HYDOXDWLRQ IRU
FODPSHGVLQJOHHGJHWHQVLRQVSHFLPHQ)DW)UDFW(QJ0DW6WUXFW
>@ <+XDQJ:=KRX1XPHULFDOLQYHVWLJDWLRQRIFRPSOLDQFHHTXDWLRQVXVHGLQWKH5FXUYHWHVWLQJIRUFODPSHG6(7VSHFLPHQV
)DW)UDFW(QJ0DW6WUXFW(DUO\YLHZRQOLQH'2,IIH
>@ //60DWKLDV')%6DU]RVD&5XJJLHUL(IIHFWVRIVSHFLPHQJHRPHWU\DQGORDGLQJPRGHRQFUDFNJURZWKUHVLVWDQFHFXUYHVRI
DKLJKVWUHQJWKSLSHOLQHJLUWKZHOG,QW-3UHVV9HVV3LS
